A thermodynamic approach has been used to measure the amount of haemagglutinin aud matrix protein expressed at the surface of P815 cells infected for periods between 4"5 and 1I h with either WSN (HoNI) or JAP (H~N~) strains of type A influenza virus. This involved measuring the interaction of different concentrations of labelled (Fab)2 preparations of specific antibody with normal and infected cells. Assuming that one molecule of (Fab)2 bound to one molecule of antigen, values for the number of molecules of antigen/infected cell ranged from 7"6 × I@ to 1.7 × 1or for haemagglutinin and I"3 × Io 5 to I.I × Io 6 for matrix protein. The ratio of haemagglutinin/matrix protein was lower for WSN-infected cells (I-7) than for JAP-infected cells (lO). The same reagents were reacted with three purified A type virions, WSN, JAP and Port Chalmers (H3N2). Each preparation bound antimatrix protein (Fab)2 though the value for haemagglutinin/matrix protein was much higher (66) than for infected cells and suggested that a virion may have a small number (about I 2) of matrix protein molecules exposed though it was not excluded that the matrix protein detected was exposed only on damaged virions. Pre-treatment of infected cells with unlabelled reagent (anti-haemagglutinin) reduced the subsequent binding of the same labelled reagent but not the binding of the labelled matrix protein reagent and vice versa, suggesting that the haemagglutinin and matrix protein were not very close to each other on the cell surface.
INTRODUCTION
It has become clear that to initiate some immunological responses, antigen must be presented to the effector cell precursor in a special manner, such as at the surface of a macrophage. For the generation of cytotoxic T cells (To) active against virus-infected target cells, it seems that the virus antigen must be inserted in the plasma membrane of the stimulator cell and in some way associated with products of the genes of the major histocompatibi[ity complex (for reviews, see Zinkernagel & Doherty, I977; Braciale et al. 1978) . There are many aspects of this association about which we know relatively little, particularly in quantitative terms. This includes the amount of virus antigen which needs to be present in the membrane for the cell to be susceptible to lysis and the proportion associated with histocompatibility antigens. To try to answer questions such as these, we have used a method for the quantitative estimation of cell surface-associated virus antigens. Such a oo22-13x7/79/oooo-333I $o2.oo © I979 SGM technique should not only be useful for the above purposes, but could also be used for the estimation of other antigens, such as tumour-specific transplantation antigens or the proportion of antigens present at the surface of macrophages at different times after antigen injection.
In this first study, we have examined the appearance of virus haemagglutinin and of virus matrix protein at the surface of P815 mastocytoma cells infected with two type A influenza viruses. The appearance of haemagglutinin in the plasma membrane of infected cells has been demonstrated previously by several techniques such as electron microscopy (Morgan et al. 1962 ) and the technique of haemadsorption is commonly used to monitor the progress of an infection. More recently, matrix protein has also been demonstrated to be present at the cell surface, as shown both by lysis of infected cells by specific antisera and complement (Braciale, I977b; Effros et al. I977; Zweerink et al. I977) and by the isolation of labelled immune complexes following adsorption of specific antisera to the surface of infected cells cultured in the presence of radioactive amino acids (Ada & Yap, I977) . The technique described in this report measures the amounts of these two antigens by analysing the binding patterns of labelled (Fab)~ preparations made from IgG isolated from specific rabbit antisera.
METHODS
Viruses. The following influenza viruses were used. A strains: A/WSN (HoNI), A/ Japan/3o5/57 (HEN2), A/Port Chalmers/I/73 (H3N2) and two recombinant strains, A/JAP/BEL (H2N1) and A/X-7F 1 (HoN2); B strain Lee. Viruses were grown in the allantoic cavity of fertile eggs (~o to i t days old) and the infectious allantoic fluid harvested 2 days later. The crude virus was stored at -70 °C and used to infect cells in tissue culture at doses between I5 to 25 EIDs0/cell. Virus was also purified by adsorption to and elution from fowl red blood cells followed by sedimentation and finally centrifugation through a sucrose gradient (Laver, 1969) .
Cells. P815 cells were maintained in Dulbecco's modified Eagle's medium containing Io% heat-inactivated foetal calf serum (Gardner et al. 1974 )-hereafter referred to as T. C. medium-with occasional passage in DBA2 mice.
Antisera. Antisera were raised in rabbits to viruses and to matrix protein A. Purified matrix protein was prepared from Port Chalmers virus (H3N2) by the method of Laver & Webster (I976) . The product gave a single band of correct mobility on polyacrylamide gel electrophoresis. Solutions were boiled before emulsifying with Freund's complete adjuvant, a procedure known to destroy other virus proteins (Laver & Webster, 1976) . Sera prepared in several rabbits following multiple injection of antigen gave a single line of precipitation. The antigenic activity could be removed from the antisera by passage through a Sepharose-matrix protein A column (Ada & Yap, I977) . The sera did not react with matrix protein prepared from B/Lee virus. A sample of goat anti-matrix protein antiserum, kindly provided by Dr R. G. Webster and prepared from A/NWS/3314o]-equine/Prague/I/56[Neg I] virus (Biddison et al. I977) gave a line of identity with the rabbit serum. It was concluded that the rabbit sera contained antibody only to matrix protein A.
Anti-virion antisera were passed through Sepharose protein A columns to remove any anti-matrix protein antibody which might have been present. Anti-A/WSN (HoNI) sera possessed both anti-haemagglutinin and anti-neuraminidase activity, the latter being estimated to represent less than Io % of the total activity present. As judged by immunodiffusion against detergent-solubilized A/JAP (HzN2) virus, serum prepared against A/JAP/ (Fab)2 preparations. Sera were passed through Sepharose-protein A (Pharmacia) columns at pH 7"4 and the columns washed with phosphate-buffered saline, pH 7"4 (PBS) and finally saline. The adsorbed IgG was eluted with o'58 % acetic acid in saline and the eluate immediately adjusted to about pH 7 with ammonia. (Fab)~ was prepared by peptic digestion (Goding, I976) and after dialysis against PBS, the solution was passed through a Sepharoseprotein A column to remove any undigested globulin. The preparations were trace labelled (McConahey & Dixon, r966 ) with carrier-free iodide-x25 (IMS3, Radiochemical Centre, Amersham, U.K.). Some preparations were labelled with the Bolton-Hunter reagent instead (IM86I, Radiochemical Centre, Amersham, U.K.).
Infection of cells.
Cells were infected by incubation in infectious allantoic fluid (3 ° min, 37 °C), the cells washed and then incubated in T.C. medium (I x io 7 cells/I to z ml medium) for different times. In one set of experiments, the cells were suspended in Dulbecco's modified Eagle's medium containing 1% (w/v) bovine serum albumin, the pH adjusted to about pH 6"3 and neuraminidase added. After incubation (37 °C, 3o rain), the cells were washed and incubated as usual in T.C. medium for varying periods.
Binding of labelled reagents
To cells. Normal or infected cells were well washed at the end of the incubation period and their viability (by dye exclusion) and extent of haemadsorption determined.
[5 x ro ~ test cells were added to chicken red blood corpuscles (r.b.c.) in the ratio I : 25. They were centrifuged at 4oo g for 5 min at 4 °C and the resuspended pellet examined for rosettes.] Samples (usually containing 5 x Io 6 cells) were resuspended at o ° C in IOO #1 of T.C. medium containing the labelled reagent. The tubes were rotated (4 °, 6o min) and after addition of sheep r.b.c. (3o #1 of 5o %, v/v), the cells were washed five times with 2 ml lots of medium.
The maximum amount of radioactivity bound to the cells was always less than 2 % of the amount added. In reduction of binding studies, the cells were pre-exposed (4 ° C, 6o min) to unlabelled reagent. The labelled reagent was then added and the usual procedure carried out as above.
To virus. Purified virus, IOO/~1 of virus solution of absorbance (A) = 3"o (I cm cells, 280 nm), was exposed to labelled reagents as above. The mixture with washings (total approx. 3oo #1) was placed on top of 11 ml of a 5 to I5 % sucrose gradient (in PBS containing 1%, w/v, BSA) and centrifuged in a Beckman SW41 rotor at 39oo0 rev/min for 90 rain. Unsedimented radioactivity was very carefully removed and radioactivity in the sediment and lowest o'5 ml gradient counted.
Antibody estimation. Anti-haemagglutinin activity was estimated by inhibition of virus haemagglutination and anti-neuraminidase activity by the method described elsewhere (Aymard-Henry et al. I973) . All preparations of anti-matrix protein antibody used were tested for their reactivity with matrix protein in immunodiffusion tests. In a few experiments, specific antibody preparations were made as described elsewhere (Ada & Yap, I977) except'that a variety of eluting reagents were used.
Statistical analysis. Where required, straight lines were fitted to experimental points by the method of least squares.
RESULTS
Some basic features of the technique were established using the (Fab)2 preparation from rabbit anti-A/WSN virus IgG. 2"I * 6"8 x io 5 ct/min radioactivity added to cells. I" 6"3 × lO 5 ct/min radioactivity added to cells.
Increased uptake of reagent with time of infection
P815 cells were infected under standard conditions with A/WSN, A/Port Chalmers or B/Lee virus. Samples (3"6 × IO 6 cells) were removed at I-5, 3, 4 and/or 5 h post infection. One lot of cells was not infected. The cell samples were exposed to labelled (Fab)~, prepared from rabbit anti-A/WSN IgG or IgG isolated from normal rabbit serum (NRS). The binding of these reagents to the cells is shown in Table I . Both reagents bound only slightly to uninfected cells (o.o6 % of total counts added). The reagent prepared from NRS bound to about twice this extent to cells I'5 h after infection with any of the viruses used, but the level of binding later decreased so that by 5 h, it was less than the proportion which bound to uninfected cells. A similar pattern of binding to cells shortly after infection was seen with the anti-A/WSN reagent. Irrespective of the virus used to infect the cells, enhanced binding occurred with cells infected for 1.5 h. These levels again decreased at the 5 h time point when A/Port Chalmers or B/Lee virus was used. Enhanced binding of the specific reagent [anti-A/WSN (Fab)2] was first seen at 4 h and was more pronounced at 5 h. The ratio of the binding of these reagents to infected compared with uninfected cells is shown in the last column of Table I .
The increase in non-specific binding of reagents to cells I to 2 h after infection was unexpected. It was thought that one contributing factor might have been the presence of residual adsorbed virus on the cell surface. Treatment with neuraminidase to remove such virus made little difference however. Because of this effect, it seemed likely that the most reliable values for the amount of newly expressed antigen would be obtained at later time points (> 4 h) and this, as will be seen later, proved to be the case.
Inhibition of binding of labelled reagent by unlabelled reagent
If the procedure used for labelling left intact the specific~binding activity of the reagent, pre-treatment of infected cells with unlabelled specific reagent should reduce the uptake of the labelled reagent. Similarly, pre-treatment of the infected ceils with unlabelled °reagent directed to an unrelated antigen should not interfere with subsequent binding of the labelled specific reagent. P8~5 cells were infected with A/WSN virus for 5 h or were left uninfected. At the end of that time, the infected cells were divided into I6 equal parts, each containing 5:× Io 6 cells and the uninfected cells into 2 equal parts, each of 5 × IO6 cells. The infected cells were then exposed at o °C for r h to an unlabelled (Fab)2 preparation from A/WSN 
Influenza antigens at surface of infected cells

The binding of labelled, antiviral reagents to virus-infected cells
The binding of (Fab)2 reagents prepared from anti-A/WSN virus and anti-A/JAP/BEL virus to P815 cells infected with A/WSN or A/JAP virus is reported, together with relevant experimental details in Table 2 . Also included in the Table, 
Procedure for the estimation of virus antigen at the surface of infected cells
Binding values such as those already reported give only a partial indication of the amount of antigen at the cell surface because properties of the (Fab)2 such as antigen-binding capacity and affinity must clearly play a role and yet are usually unknown. If the binding of the labelled reagent to infected cells is specific and gives rise to hyperbolic saturation curves, a plot of the reciprocal of the amount of reagent bound versus the reciprocal of the amount of reagent added should give a straight line (Klotz, I953) . Extrapolation of the line to infinite concentration of added reagent yields a value for the maximum binding of the labelled reagent (see Discussion for more detailed treatment). If labelled (Fab)2 reagents are used, and provided all antigen molecules are accessible to the reagent, the number of molecules of antigen present at the cell surface will at a maximum be equal to the number of (Fab)2 molecules bound. This approach has been used with infected P815 cells and with purified virus.
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Binding of reagents to A~ WSN-infected cells
Binding of reagents to A/JAP-infeeted cells
Similar binding experiments were carried out on A/JAP-infected cells. This virus was chosen because of the availability of the recombinant strain A/JAP/BEL which shares haemagglutinin of the same serological specificity as A/JAP but has neuraminidase of a different specificity. Thus, the use of anti-A/JAP/BEL (Fab)2 allowed a more certain estimation of haemagglutinin present at the cell surface. In initial experiments using P815 cells infected with A/JAP virus, haemadsorption studies showed a marked degree of asynchrony between cells in the appearance of haemagglutinin. Linear binding plots, particularly for anti-matrix protein (Fab)2 were not obtained until this was corrected. Fig. 4 shows the binding of anti-A/JAP/BEL (Fab)~ and anti-matrix protein (Fab)2 to P8r 5 cells 7"5 h after infection with A/JAP virus, when 83 % of the cells showed haemadsorption. It * Assuming I molecule (Fab)z binds to I molecule of surface associated virus antigen. "~ Different conditions were used in this experiment. After infectionwithvixus (30 min, 37 °C), the cells were incubated in excess T.C. medium in a container which was continually rotated. The final cell viability was 97%.
can immediately be seen that in comparison with Fig. 2 there is less matrix protein relative to haemagglutinin present on JAP-infected cells compared to WSN infected cells.
The results of experiments with cells infected with either virus are shown in Table 3 , in terms of the number of molecules of the different antigens present on the cell surface. As mentioned above, relative to haemagglutinin, there is substantially less matrix protein present on the surface of A/JAP infected cells compared to A/WSN infected cells, but the immediate point of interest is the relatively large amount of matrix protein expressed at the surface of both infected ceils, a conclusion which would not have been reached from the single binding values reported earlier. This is particularly the case with cells infected with JAP virus for an extended period (Io'5 h). It was of considerable interest to compare these results with the binding patterns of these reagents to purified virus.
Binding of reagents to purified, egg-grown influenza viruses
In these experiments, the technique used was to react the labelled reagent with purified virus, in a similar fashion to that used in the case of infected cells. The mixture was then placed on a sucrose-BSA gradient, centrifuged to deposit the virus and the radioactivity associated with the virus pellet estimated (for details, see under Methods). Controls involved centrifugation of the labelled reagent alone or after reaction with B/Lee virus. In two experiments, there was no significant binding above background to B/Lee virus. Fig. 5 shows the binding of anti-matrix protein (Fab)~ to three different A viruses, WSN, Port Chalmers and JAP. Though the amount of reagent specifically binding was low, the binding patterns with the three viruses were very similar and yielded almost identical values at the intercept. Furthermore, extrapolation of these plots to the horizontal intercept (see Fig. 7 in Discussion) gave very similar values for I/K where K is the dissociation constant, indicating the antigenic similarity of the matrix proteins of these three viruses.
Two similar experiments were carried out on the binding of anti-A/JAP/BEL (Fab)~ to purified JAP virus and gave the plots shown in Fig. 6 . In this case, as expected, more of the reagent bound to the virus and because of the closeness of the intercept to zero, these values may be less accurate than otherwise. In the case of JAP virus (and it is likely to be similar with the other two A strain viruses), the ratio of haemagglutinin: matrix protein is about 66, which is very different from the ratio found on the infected cell surface. If the assumption is made that at saturation, each molecule of virus haemagglutinin binds one molecule of the (Fab)2 reagent and average values (haemagglutinin, 80o molecules; matrix 100/amount of labelled reagent added 
Binding reduction studies with anti-JAP/ BEL (Fab)2 and anti-matrix protein (Fab)2
The aim of these experiments was to see if the disposition of matrix protein relative to haemagglutinin at the cell surface could be determined. In the first approach, infected cells were pre-treated with unlabelled (Fab)2 reagents followed by exposure to the labelled (Fab)2 reagent. The results are shown in Table 4 . Pre-treatment of infected cells with unlabelled anti-JAP/BEL (Fab)2 substantially reduced the subsequent interaction with the same labelled reagent (see also Fig. I ) but not a subsequent interaction with labelled anti-matrix protein (Fab)2. Similarly, pre-treatment of infected cells with unlabelled anti-matrix protein (Fab)~ partially reduced the subsequent binding of the same labelled reagent (a possible reason for this lower percentage reduction is discussed later) but did not affect the subsequent interaction with the labelled anti-JAP/BEL (Fab)2. These results suggested that the haemagglutinin and matrix protein were not present in the cell membrane so close to each other that binding of a third molecule (of tool. wt. approx. IO 5, which is slightly smaller than the haemagglutinin complex but much larger than matrix protein) could interfere in their reaction with specific (Fab)2.
DISCUSSION
This paper is concerned with the measurement of virus coded antigens at the surface of P8I 5 cells infected with influenza viruses. Once it became clear that the virus matrix protein as well as haemagglutinin and neuraminidase were expressed at the surface of cells infected with this virus (Ada & Yap, I977; Braciale, I977a, b; Effros et al. I977; Zweerink et al. I977) , it was desirable to quantify the expression of the matrix protein relative to one of the other antigens. To do this, we have used a thermodynamic method which involves measurement of the amount of antigen-antibody complex formed at the cell surface as a function of the concentration of added antibody.
If all antibody binding sites on an antigen at the cell surface are equivalent and independent, then a plot of the reciprocal of the amount of antibody added (horizontal axis) versus the reciprocal of the amount of antibody bound (vertical axis) will yield a straight line. When this line is extrapolated, the vertical intercept will represent the reciprocal of the total amount of antigen present and the horizontal intercept will represent the reciprocal of the dissociation constant. Fig. 7 shows the case for the reaction where A, B and AB are the A+B, " AB K concentrations of antigen, of antibody and of the antigen-antibody complex respectively. To use this procedure to determine the amount of AB formed, there must be (t) a large excess of antibody relative to the antigen at all concentrations of antibody used so that B-AB ~ B; (2) the rate of dissociation of AB during washing of the cells must be so slow that the amount of AB on the cells does not change significantly. Within these limits, the method allows an estimate of the amount of antigen expressed at the surface of a cell (or virus particle) if specific antibody is available without knowing either the concentration of specific antibody or its affinity. Nevertheless, for studies such as this, it would be ideal if monoclonal antibody were available or if specifically purified antibody (prepared by adsorption to and elution from an antigen column) could be prepared free from inactivated (and hence denatured) immunoglobulin. In our attempts to make purified antibody preparations from rabbit anti-matrix protein antiserum, the recovery of active immunoglobulin has been poor (frequently < 20%) so that any gain obtained in specific activity of the antibody was offset by the presence in the same solution of immunoglobulin denatured by the method of elution from the column. Total IgG was used therefore and in all cases (Fab)2 made to eliminate binding of the labelled preparation by Fc. Even so, infected cells bound (Fab)~ 'non-specifically' within an hour or so after infection but the effect disappeared as time where A = amount (AT the total amount) of antigen present at a cell surface, B = amount of antibody added to the cell suspension, AB = amount of antigen-antibody complex formed at the cell surface and K = the dissociation constant of the reactions. In using this approach in the present experiments, the assumption is made that the great excess of non-specific reagent present in the antibody preparation used does not interfere in the reaction between antigen and specific antibody. If such interference did occur, then both the specific and interfering antibodies would vary in constant ratio so that both A~ and K would be underestimated.
progressed. In the case of both A/WSN and A/JAP virus infection, this effect probably accounted for the difficulty in obtaining straight line relationships unless at least 7o % and preferably higher proportions of the infected cells showed haemadsorption. When these conditions were met, linear relationships were obtained. [This was despite the suggestion from binding reduction studies using anti-matrix antibody (Table 4) that the time allotted for binding equilibrium to be attained might have been insufficient.] Thus, binding of specific (Fab)2 to matrix protein or to haemagglutinin is a bimolecular reaction involving independent binding sites.
A main finding of the work is that P815 cells infected with either A/JAP or A/WSN virus have relatively large amounts of matrix protein present on the surface 4"5 to I I h after infection. In terms of number of molecules (Table 3) , the lowest values for the ratio haemagglutinin:matrix protein was, for A/WSN-infected cells, I-7 (4"5 h) and for A/JAP cells, Io (7"5 h). These values contrast with those obtained when infectious virus, isolated by a standard procedure from allantoic fluid, was exposed to the same reagents. For A/JAP virions, this ratio was about 66. If the total content of these two antigens in the virion is similarly expressed, the ratio is about o.33 (see Choppin & Compans, I975) suggesting that even in the case of cells infected with A/WSN virus, a minor fraction only of the total matrix protein produced was available to react with antibody at the cell surface. This is in general agreement with earlier findings (Ada & Yap, I977) on the isolation of biosynthetically labelled matrix protein, either at the surface or from an extracl of L9z 9 cells infected with A/WSN virus. About 8 ~o of the total labelled matrix protein was found to be exposed at the cell surface.
The blocking experiments reported in this paper suggest that the haemagglutinin and matrix protein are not immediately adjacent to each other at the cell surface. The resolution of the disposition of these two proteins relative to each other should help us to understand more about the mechanism of the budding and shedding of virions and whether the finding of a few molecules of matrix protein exposed in each virion would be expected. On the other hand, the observed reaction of anti-matrix protein (Fab)2 with purified virions may simply reflect the presence of damaged virions in each virus preparation, an inevitable consequence of one or more steps in the purification process.
Taken together with the failure of antiviral nucleoprotein serum and complement to lyse infected cells (Braciale, I977a) , the finding that large amounts of matrix protein may be expressed at the surface of infected cells increases the probability that recognition of matrix protein at the cell surface is responsible for the observed cross-reactivity in in vitro CML between influenza A strains. If this is now accepted as being very likely, the important question becomes -is matrix protein expressed at the surface of infected cells in the lungs ? It has been shown that transfer of primary immune cytotoxic T cells to the homologous but not to the heterologous A strain virus is effective in reducing lung virus titres (Yap & Ada, I978a; Yap et al. I978) , suggesting that haemagglutinin and/or neuraminidase may be preferentially recognised. More recently however, secondary cytotoxic T cells which have enhanced cross-reactive cytotoxic activity have been found to be effective in reducing lung titres to heterologous A strain viruses, agreeing with the concept that matrix protein is indeed expressed on the surface of infected cells in the lungs (Yap & Ada, I978b) .
